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ABSTRACT
Short interfering RNA (siRNA) duplexes are currently
being evaluated as antisense agents for gene
silencing. Chemical modification of siRNAs is
widely expected to be required for therapeutic
applications in order to improve delivery, biostability
and pharmacokinetic properties. Beyond potential
improvementsintheefficacyofoligoribonucleotides,
chemical modification may also provide insight
into the mechanism of mRNA downregulation
mediated by the RNA–protein effector complexes
(RNA-induced silencing complex or RISC). We have
studied the in vitro activity in HeLa cells of siRNA
duplexes against firefly luciferase with substitutions
in the guide strand of U for the apolar ribo-
2,4-difluorotoluyl nucleotide (rF) [Xia, J. et al. (2006)
ACS Chem. Biol., 1, 176–183] as well as of C for rF.
Whereas an internal rF:A pair adjacent to the Ago2
(‘slicer’enzyme)cleavagesitedidnotaffectsilencing
relative to the native siRNA duplex, the rF:G pair and
other mismatches such as A:G or A:A were not
tolerated. The crystal structure at atomic resolution
determined for an RNA dodecamer duplex with rF
opposite G manifests only minor deviations between
the geometries of rF:G and the native U:G wobble
pair. This is in contrast to the previously found,
significantdeviationsbetweenthegeometriesofrF:A
andU:Apairs.Comparisonbetween thestructuresof
the RNA duplex containing rF:G and a new structure
ofanRNAwithA:Gmismatcheswiththestructuresof
standard Watson–Crick pairs in canonical duplex
RNA leads to the conclusion that local widening of
the duplex formed by the siRNA guide strand and the
targeted region of mRNA is the most likely reason for
the intolerance of human Ago2 (hAgo2), the RISC
endonuclease, toward internal mismatch pairs invol-
ving native or chemically modified RNA. Contrary to
the influence of shape, the thermodynamic stabilities
of siRNA duplexes with single rF:A, A:A, G:A or C:A
(instead of U:A) or rF:G pairs (instead of C:G) show no
obvious correlation with their activities. However,
incorporationofthreerF:ApairsintoansiRNAduplex
leads to loss of activity. Our structural and stability
dataalsoshedlightontheroleoforganicfluorineasa
hydrogen bond acceptor. Accordingly, UV melting
(TM) data, osmotic stress measurements, X-ray
crystallography at atomic resolution and the results
of semi-empirical calculations are all consistent with
the existence of weak hydrogen bonds between
fluorine and the H-N1(G) amino group in rF:G pairs
of the investigated RNA dodecamers.
INTRODUCTION
Messenger RNAs (mRNAs) represent a necessary step
in gene expression, being the intermediary between gene
and protein. Short interfering RNAs (siRNAs) are
duplexes of RNA, 21–23nt long, and consist of the
sense and the guide strand. The latter becomes
incorporated into a complex of proteins and serves to
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either causes the mRNA to be cleaved by the protein
complex or prevents it from being translated into protein
(1–8), thus eﬀectively silencing the encoding gene.
Therefore, RNA interference (RNAi) is a powerful
biological process for speciﬁc silencing of gene expression
in diversiﬁed eukaryotic cells and has tremendous
potential for functional genomics, drug discovery through
in vivo target validation, and development of novel gene-
speciﬁc medicine. It is hoped that this approach might be
used to shut down disease-related genes in humans.
The RNAi process within cells comprises at least four
sequential steps (9–15): (i) ATP-dependent processing of
double-stranded RNA into siRNAs by ‘Dicer’, an RNase
III-family enzyme; (ii) incorporation of these naturally
derived siRNAs, or synthetic siRNAs introduced into the
cell, into an inactive ribonucleoprotein complex; (iii) ATP-
dependent unwinding of the siRNA duplex to generate an
active RNA-induced silencing complex (RISC) whereby
ATP is used to maintain 50-phosphates on siRNAs and
(iv) cleavage of the RNA target in an ATP-independent
reaction. RISC is a sequence-speciﬁc endonuclease com-
plex that contains Argonaute (Ago) proteins and the
single-stranded guide siRNA strand. RISC mediates
cleavage of target RNAs with multiple turnovers in
the absence of additional ATP. The high speciﬁcity of
the process is based on Watson–Crick pairing between the
siRNA antisense (guide) oligonucleotide and the target
mRNA. Within the RISC complex, the Ago2 enzyme is
exclusively responsible for cleavage of the mRNA (16,17).
Structural data indicate that the PIWI domain of Ago2
that adopts an RNase H-like fold is responsible for the
‘Slicer’ activity (18).
The cleavage position on the mRNA in a 21-mer siRNA
duplex with mRNA is located between nucleotides 10
and 11 upstream from the target nucleotide paired to the
50-terminus of the antisense strand (12). The sites of active
duplexes are not predictable, but numerous siRNAs
targeted against a particular message have been studied
in attempts to correlate duplex features with function.
An evaluation of the activity of 25 duplexes targeting the
open reading frame and 30-untranslated region of lamin
A/C found no bias based on position within the message
(19). Variations in siRNA eﬃciency as a function of small
positional shifts on the target (19,20) could be due to
competition for binding with protein factors, diﬀerent
thermodynamic stabilities, or sequence dependence of the
RISC complex. In addition, the structure and accessibility
of the target message will also play an important role (21)
and prediction algorithms may oﬀer some guidance for
siRNA sequence selection (22). The most eﬀective siRNAs
have a tendency to pair more weakly at the 50-antisense
side of the duplex relative to the 30-antisense side (22,23).
Several criteria including base composition, strength of
base pairing at particular positions in the duplex, overall
thermodynamic stability and base identities were used to
select siRNA duplexes against ﬁve genes (24). Duplexes
that were selected based on these criteria resulted in a
mean silencing of 76% compared to 39% mean silencing
for those that were randomly selected. Introduction of
mismatches in the central region of the antisense strand
was found to abolish silencing activity (12,25), but the
sense strand can tolerate limited mismatches (25,26).
Interestingly, when mismatches were placed in the termi-
nal four-base region between the 50-end of the antisense
strand and the 30-end of the sense strand improvements in
activity were observed (27). Chemically modiﬁed siRNAs
linked by a hairpin loop can still trigger target RNA
cleavage through the RNAi pathway (19,28–30).
However, it appears that recruitment by RISC requires
siRNA duplexes because most antisense-only, single-
stranded siRNAs show much less activity than the corre-
sponding duplexes (10). Approaches to the successful
identiﬁcation of eﬀective and speciﬁc siRNAs have
recently been reviewed (25).
Chemical modiﬁcation of siRNA duplexes on one or
both strands will likely be required to improve their
eﬃcacy for in vivo applications despite the fact that short
double-stranded RNAs show relatively high stability and
activity in cell culture (31–38). Chemical modiﬁcation is
desirable to enhance: (i) the siRNA-binding aﬃnity by,
for example, conformationally preorganizing the guide
strand for the mRNA; (ii) the nuclease stability and
therefore the half-life of the siRNA duplexes in circulation
in vivo and (iii) the biodistribution and pharmacokinetic
properties of siRNAs and to allow targeting of siRNA to
certain cell types. Incorporation of phosphorothioate (PS)
linkages, 20-OMe- or 20-ﬂuoro-nucleotides into siRNAs
was found to aﬀect their activities dependent on
the position and extent of the modiﬁcations (35–38).
For example, siRNA duplexes with the sense or antisense
strand fully 20-OMe-modiﬁed showed a signiﬁcantly
diminished activity in HeLa cells despite eﬃcient silencing
by the corresponding native RNAs (39). And siRNAs with
both strands fully 20-OMe-modiﬁed were inactive.
On the other hand siRNAs that featured fully PS- and
20-OMe-modiﬁed sense strands displayed similar eﬃcacy
and potency as the unmodiﬁed parent duplexes in some
cases (40). The limited activity seen in some cases for
duplexes with completely modiﬁed antisense strands may
therefore relate to altered unwinding of the modiﬁed
duplex or loading of the unmodiﬁed antisense-strand into
RISC rather than inaccessibility of the target.
We recently evaluated the in vitro activity of siRNAs
containing apolar ribo-2,4-diﬂuorotoluyl nucleotides (rF)
in place of U (Figure 1A and B) (41). Modiﬁcation of the
guide strand at the 50-end with rF was found not to aﬀect
silencing compared with the unmodiﬁed control.
Moreover, siRNAs with an internal rF modiﬁcation,
despite a slightly reduced aﬃnity for their target eﬀectively
silenced gene expression and they also exhibited improved
nuclease resistance in serum. A RACE analysis demon-
strated that the siRNA-mediated cleavage occurred at
the predicted site both for the unmodiﬁed and the
rF-containing duplex. The crystal structure of an RNA
duplex with rF:A pairs revealed local conformational
variations relative to canonical RNA (41). rF and
A paired more loosely compared with U and A and
there was an absence of ordered water molecules around
the diﬂuorotoluyl moiety in both grooves. Whereas
substitution of rF for U essentially had no eﬀect on
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led to a loss of (G:A, A:A) or reduced (C:A) activity (41).
Here, we report in vitro activity data of siRNAs with
U:G or rF:G pairs (Figure 1C and D) and crystal
structures near 1A ˚ -resolution of RNA dodecamer
duplexes with either rF:G (FG 12-mer) or A:G pairs
(GA 12-mer) (Figure 1E). To further investigate
the relative stability of T:A, rF:A, T:G and rF:G pairs
we have carried out semi-empirical calculations at the
MP2/6-31G
 and MP2/6-31+G
   levels. The combined
data allow insights into substrate speciﬁcity by hAgo2 and
indicate that RNA duplex shape at or near the cleavage
site is a more important determinant of RISC-mediated
activity of siRNAs than thermodynamic stability.
MATERIALS AND METHODS
Oligoribonucleotide synthesis and purification
The rF phosphoramidite building block for incorpora-
tion into RNAs was prepared as described in ref. (41).
All siRNA molecules and the rF-containing dodecamers
for stability and crystallographic studies were synthesized
on a 394 ABI synthesizer using previously described pro-
tocols (41). The oligonucleotides were cleaved from the
CPG, with simultaneous deprotection of base and
phosphate groups, with 1.0ml of a mixture of ethanolic
ammonia (ammonia–ethanol, 3:1) for 16h at 558C. The
solution was decanted, lyophilized and re-suspended in
0.2ml of triethylamine trihydroﬂuoride (TEA.3HF,
Aldrich) and was incubated at 658C for 90min to
remove the t-butyldimethylsilyl (TBDMS) groups. The
completely deprotected oligonucleotides were then pre-
cipitated from anhydrous methanol (MeOH, 0.4ml).
The oligonucleotides were puriﬁed by PAGE (41) and
the desired bands were excised and shaken overnight in
5ml of 100mM sodium acetate. The extracted oligonu-
cleotides were desalted using C-18 Sep-Pak cartridges
(Waters). The oligonucleotides were characterized by
electrospray mass spectroscopy (ES/MS) and analytical
anion-exchange HPLC and/or capillary gel electrophor-
esis (CGE).
The GA dodecamer r(CGCGAAUUAGCG) was
synthesized on a Pharmacia Gene Assembler Plus instru-
ment using 20-O-TOM nucleoside phosphoramidites (42)
and previously described protocols (43). Deprotection and
cleavage from the solid support was achieved in a mixture
of MeNH2 in EtOH (8M, 0.6ml) and MeNH2 in H2O
(40%, 0.6ml) for 5h. After the solution was completely
evaporated, tetrabutylammonium ﬂuoride trihydrate
(TBAF.3H2O) in THF (1M, 0.95ml) was added. The
reaction mixture was slowly shaken for 14h at room
temperature to remove the 20-O-silyl ethers. The reaction
was quenched by the addition of triethylammonium
acetate (TEAA) (1M, pH 7.4, 0.95ml). The volume of
the solution was reduced to 1ml and the solution was
loaded on a Amersham HiPrep 26/10 Desalting column
(2.6 10cm; Sephadex G25). The crude RNA was eluted
with H2O and dried. Analysis of crude RNA products
after deprotection was performed by anion-exchange
chromatography on a Dionex DNAPac100 column
(4 250mm) at 808C. Flow rate: 1ml/min; eluant A:
25mM Tris–HCl (pH 8.0), 6M urea; eluant B: 25mM
Tris–HCl (pH 8.0), 0.5M NaClO4, 6M urea; gradient: 0–
60% B in A within 45min; UV-detection at 265nm. The
crude RNA (trityl-oﬀ) was puriﬁed on a semi-preparative
Dionex DNAPac100 column (9 250mm). Flow rate:
2ml/min; gradient: 5–10% B in A within 20min.
Fractions containing RNA were loaded on a C18
SepPak cartridge (Waters/Millipore), washed with
0.1–0.2M (Et3NH)HCO3,H 2O, and eluted with
H2O/CH3CN (6/4). RNA fractions were lyophilized.
In vitro analysis of luciferase expression
HeLa cells that stably express both ﬁreﬂy and Renilla
luciferase (HeLa Dual-luc cells) were grown as previously
described (41). In vitro activity of siRNAs was determined
using a high-throughput 96-well plate format assay for
luciferase activity. HeLa Dual-luc cells were transfected
with ﬁreﬂy luciferase targeting siRNAs at concentrations
Figure 1. Chemical structures of base pairs. (A) T:A; (B) F:A; (C) U:G; (D) F:G; (E) G:A. Hydrogen bonds are indicated by dashed lines.
6426 Nucleic Acids Research, 2007, Vol. 35, No. 19ranging from 0.04 to 30nM using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s protocol.
After 24h, cells were analyzed for both ﬁreﬂy and Renilla
luciferase expression using a plate luminometer
(VICTOR2, PerkinElmer) and the Dual-Glo Luciferase
Assay kit (Promega). Fireﬂy/Renilla luciferase expression
ratios were used to determine the percentage of gene
silencing relative to untreated controls.
Thermal denaturation(TM) and osmotic stress studies
Melting of each oligonucleotide (4mM) was done in
10mM sodium cacodylate, 0.1mM EDTA and 300mM
NaCl in presence of 0, 5, 10, 15 and 20% weight/volume
of each of the three organic co-solutes in Table 1.
Oligonucleotide concentrations were calculated
from the nearest-neighbor approximation (44) using "=
1000M
 1cm
 1 ( =260nm) as the extinction coeﬃcient
for rF nucleoside (45). Absorbance versus temperature
proﬁles were measured at 280nm on a Varian Bio
100 spectrometer equipped with a six-position Peltier
temperature controller. The temperature was increased at
0.58C per minute. Five samples were measured concur-
rently in the double-beam mode. The melting tempera-
tures and thermodynamic parameters were obtained
using Varian Cary software (Version 02.00). The experi-
mental absorbance versus temperature curves were con-
verted into a fraction of strands remaining hybridized (a)
versus temperature curves by ﬁtting the melting proﬁle to
a two-state transition model, with linearly sloping lower
and upper base lines. The melting temperatures (TM) were
obtained directly from the temperature at a=0.5.
The ﬁnal TM was an approximation of usually ﬁve to
eight measurements.
The thermodynamic parameters were determined from
the width at the half-height of the diﬀerentiated melting
curve. The fraction of strands remaining hybridized ( )
versus temperature curves were converted into diﬀeren-
tiated melting curves [da/d(T 1
M ) versus TM] using Varian
Cary software (Version 02.00). The width of the diﬀer-
entiated melting curve at the half-height is inversely
proportional to the van’t Hoﬀ transition enthalpy; for a
bimolecular transition  H=10.14/(T  1
1   T  1
2 ) where T1
is the lower temperature and T2 is the upper temperature
(both in K) at one-half of [da/d(T  1
M )] (46).
The changes in the number of water molecules
associated with the melting process  nw were determined
as described by Spink and Chaires (47)
 nw=(  H/R)[d(T 1
M )/d(lnaw)], where   H is the
enthalpy determined from the width at the half-height of
diﬀerentiated melting curve in pure buﬀer and R is the
universal gas constant (1.986calmol
 1K
 1). The experi-
mentally determined values of water activity (lnaw)a t
given co-solute concentrations were provided by
Professors Spink and Chaires. The slope of the plot of
reciprocal temperature (in K) of melting versus the
logarithm of water activity (lnaw) at diﬀerent concentra-
tions (0, 5, 10, 15 and 20%) of small co-solutes gave the
value of d(T 1
M )/d(lnaw). The ﬁnal  nw were obtained by
linear ﬁtting using KaleidaGraph software (Version 3.51)
with a conﬁdence level usually better than 98%. The
experimental uncertainties were obtained as previously
reported (48).
CrystallizationofRNAdodecamerscontainingrF:GandA:G
pairs andX-ray diffraction datacollection
Crystals of the FG dodecamer r(CGCFAAUUGGCG)
were grown at 188C by the sitting-drop vapor diﬀusion
method, using the Grid Screen Ammonium Sulfate
(Hampton Research Inc., Aliso Viejo, CA, USA).
Droplets containing 0.5mM oligonucleotide, 0.8M
ammonium sulfate and 0.05M MES, pH 6.0, were
equilibrated against a reservoir of 1.6M ammonium
sulfate, 0.1M MES, pH 6.0. Crystals appeared after
3 days. Crystals of the AG dodecamer r(CGCGA
AUUAGCG) were grown at 188C by the hanging-drop
vapor diﬀusion method, using the Nucleic Acid
Miniscreen (Hampton) (49). Both conditions 14 and 16
resulted in crystals. Crystals for diﬀraction data collection
were grown from droplets containing 0.5mM oligonucleo-
tide, 5% 2-methyl-2,4-pentanediol (MPD), 20mM sodium
cacodylate, pH 7.0, 6mM spermine-4HCl, 40mM sodium
chloride and 10mM magnesium chloride that were
equilibrated against a reservoir of 35% MPD. Crystals
appeared after 2 days. In both cases, crystals were
mounted in nylon loops and frozen in liquid nitrogen.
Diﬀraction data were collected at 120K on the insertion
device beamlines of the Southeast Regional Collaborative
Access Team (SER-CAT, 22-ID, FG dodecamer) and the
DuPont–Northwestern–Dow Collaborative Access Team
(DND-CAT, 5-ID, GA dodecamer) at the Advanced
Photon Source (APS), Argonne, IL. The wavelengths
for the data collections varied between ca. 0.9 and 1.0A ˚ .
In both cases high- and low-resolution data sets were
Table 1. Thermodynamic stability (TM) and osmotic stress data for self-complementary RNA 12-mers with U:G, rF:A, rF:G and A:G pairs
Sequence Name T
a
M (8C)  nw Ethylene glycol  nw Glycerol  nw Acetamide
CGCUAAUUGGCG UG 57.7 0.2 18.5 3.0 20.3 3.4 33.1 3.0
CGCFAAUUGGCG FG 54.9 0.2 14.6 2.1 26.0 3.3 29.2 2.4
CGCGAAUUFGCG GF 53.9 0.3 13.5 2.4 24.7 3.7 29.6 3.1
CGCFAAUUAGCG
b FA 53.2 0.3 13.2 3.1 12.7 3.3 23.6 2.9
CGCGAAUUAGCG GA 58.2 0.2 21.2 2.6 23.8 3.1 Not measured
CGCAAAUUUGCG
c AU 58.7 0.6 22.8
d 18
d 43.2
d
a4mM RNA, 300mM NaCl, 10mM Na cacodylate, pH 6.5.
bThe crystal structure of this duplex is described in ref. (41).
cTaken from ref. (48).
dExperimental uncertainties were not determined.
Nucleic Acids Research, 2007, Vol. 35, No. 19 6427collected separately. Diﬀraction data were processed with
the programs HKL2000 (50) (FG) and XDS (51) (GA).
Structure determination and refinement
Both structures were determined by the molecular
replacement method using the program EPMR (52). For
the FG RNA structure, a canonical A-RNA dodecamer
constructed with the program TURBO-FRODO (53) was
used as the search model. A previously published structure
at low resolution (54) served as the search model for
structure determination of the GA RNA duplex. In both
cases, the structures were initially reﬁned with CNS (55)
and at a later stage with the program SHELX-97 (56).
In the subsequent reﬁnement cycles, solvent water mole-
cules were added, and anisotropic temperature factors
reﬁnement was carried out. The program TURBO-
FRODO was used to display electron density maps for
manual rebuilding of the models. To calculate the R-free,
5% randomly chosen reﬂections were set aside in both
cases.
Computational methods
Ab initio calculations were carried out using the
GAUSSIAN 03 code (57) on a 64-bit Linux machine.
Optimizations were initiated at the HF-3-21G level,
followed by calculations at the MP2/6-31G
  and ﬁnally
at the MP2/6-31+G
   levels. No constraints, i.e. to
maintain planarity of the base pairs were used.
Interaction energies were computed as the diﬀerence in
energy between the optimized base pair on one hand, and
the sum of energies of optimized components on the other.
To calculate the point energies of base pairs based on the
crystallographic conformations, hydrogen atoms were
added by the program. All quantities were corrected for
basis set superposition error by the standard counterpoise
procedure (58).
Coordinates
Final coordinates and structure factors for the FG and
GA RNAs have been deposited in the Protein Data Bank
(http://www.rcsb.org.) The PDB ID codes are 2Q1O
(FG duplex) and 2Q1R (GA duplex).
RESULTS
Gene silencing activity ofsiRNAs withU orC replaced byrF
To examine the eﬀects on gene silencing of rF incorpora-
tion into siRNAs, we employed an in vitro ﬁreﬂy luciferase
assay in HeLa cells. Two regions of the luciferase gene
were targeted separately with RNA duplexes whose guide
strands contained single or multiple rF residues (Figure 2)
(41). The silencing activities of modiﬁed duplexes applied
in concentrations ranging between 0.04 and 30nM were
measured in the form of a decreased luciferase lumines-
cence and compared with the signals resulting from
treatment with native control siRNA duplexes. A single
uridine positioned three or more nucleotides upstream or
downstream from the cleavage site in the guide strand
could be replaced by rF without a signiﬁcant change in the
50% inhibitory concentration (IC50) (41). Moreover,
replacement of the U adjacent to the cleavage site by rF
only increased the IC50 from 0.21 to 1.2nM (Figure 2A).
However, substitution of either C9 or C11 for U or rF,
resulting in the formation of U:G and rF:G pairs,
respectively, signiﬁcantly diminished or even abolished
the silencing activity altogether (IC50>30nM;
Figure 2A). Similarly, replacement of U10 by A or G
resulted in a loss of activity, whereas a U10!C substitu-
tion (leading to a C:A mismatch) yielded an IC50 of
0.92nM, comparable to the activity of an siRNA duplex
with the U10!rF substitution (41). Therefore, it appears
that a single purine–purine mismatch pair or U:G/rF:G
wobble pairs (assuming the rF:G pair adopts a wobble
geometry) at or adjacent to the cleavage site are not
tolerated by the hAgo2 endonuclease. The C:A mismatch
and rF:A constitute noteworthy exceptions. A RACE
analysis of the cleavage products had established that
the position of the cleavage site remained unchanged as
a result of using siRNA duplexes with single rF:A pairs
compared with native siRNAs (41).
Whereas a single rF residue in place of U was tolerated
in the guide strand, consecutive replacement of three Us
also led to a loss of activity (Figure 2B). The thermo-
dynamic stabilities (UV melting TM’s) of siRNA 21-mer
duplexes with single rF:A, A:G, A:A or C:A pairs are
comparable (between 65 and 678C relative to the native
construct=738C) (41). Therefore, the observed diﬀerence
in silencing activity between siRNA duplexes containing
rF:A or any of the above mismatch pairs is unlikely to be
a consequence of reduced stability. Conversely, three
consecutive rF:A pairs may lead to local melting of the
RNA duplex and considerably distort or destroy the
secondary and tertiary structure of the hAgo2 substrate.
Thermodynamicstabilityofandosmoticstressmeasurements
foroligoribonucleotides withU!rF or C!rF substitutions
To assess the eﬀect of rF incorporation opposite A or G
on the thermodynamic stability of an RNA dodecamer
duplex we carried out UV melting experiments. Initial
runs at a wavelength of 260nm showed nonlinear upper or
lower base lines, a problem that was eliminated by
measuring optical densities as a function of temperature
at 280nm. The resulting TM’s are listed in Table 1. For the
comparison here between the six sequences we have listed
TM diﬀerences per modiﬁed base pair (note that there are
two substitutions per self-complementary dodecamer
duplex). Remarkably, substituting U for rF opposite G
resulted in a TM reduction of just 1.48C per modiﬁcation
(UG versus FG duplex). In the case of the dodecamer with
G and rF switched (GF) the reduction in TM relative to
the UG duplex amounts to 1.98C per modiﬁcation.
Switching a U:G (UG) to an rF:A pair (FA) lowers
the TM by 2.38C. Therefore, the rF:G is more stable than
the rF:A pair ( TM=0.98C; FG versus FA duplex). The
diﬀerence in TM between the FA and A:U pairs (AU) is
2.88C. For completeness, we also measured the stability of
the GA duplex with two G:A mismatch pairs. The GA
duplex was slightly less stable than the AU duplex
( TM= 0.38C; GA versus AU duplex) but slightly
6428 Nucleic Acids Research, 2007, Vol. 35, No. 19more stable than the UG duplex ( TM=0.38C; GA
versus UG duplex). Overall the observed order of stability
of the pairs at pH 6.5 is: A:U > G:A > U:G > rF:G >
G:rF > rF:A.
In order to gain insight into changes in RNA hydration
as a result of rF incorporation, we employed the osmotic
stress method (47,59). The reductions in the RNA melting
temperatures upon addition of ethylene glycol, glycerol
or acetamide were measured at diﬀerent concentrations of
these small co-solutes (48,60). The changes in the number
of water molecules  nw associated with the melting
process were determined as described by Spink and
Chaires (47):  nw=(  H/R)[d(T
 1
M)/d(lnaw)], where
 H is the measured enthalpy, R is the universal gas
constant (1.986calmol
 1K
 1) and lnaw are experimentally
determined values of water activity at given co-solute
concentrations. This approach to establish the number of
water molecules bound to a nucleic acid duplex is based on
the assumption that the co-solutes (ethylene glycol,
glycerol, acetamide) only change the water activity and
do not directly interact with the RNA.
Rather than interpreting the absolute values obtained
for  nw we believe it may be more instructive to consider
the relative diﬀerences in amounts of water released when
comparing the duplexes (Table 1). Interestingly, in the
ethylene glycol and acetamide series the general trend
regarding hydration followed the above order of
thermodynamic stabilities (TM): A:U > G:A > U:G >
rF:G > G:rF > rF:A. Thus, introduction of the G:A and
U:G mismatches gradually decreased the hydration.
Introduction of rF as a base-pairing partner decreased
 nw even more, although the eﬀect may be considered
a relatively minor one, especially if one considers the
highly hydrophobic nature of the rF modiﬁcation. In all
three series, hydration of the duplexes with either rF:G or
G:rF pairs was more favorable than the hydration of the
duplex with rF:A pairs, which is in agreement with
the observations made in crystal structures (vide infra).
Overall, the trends were less clear in the glycerol series. As
previously observed (48,60), the  nw values were some-
what higher in the acetamide than in the ethylene glycol or
glycerol series. A possible explanation for such discre-
pancies might be the fact that the organic co-solutes
display some interaction with the RNA (61,62). Record
and coworkers (62) showed that most small organic
co-solutes (including glycerol) were not completely
excluded from the surface of bovine serum albumin.
When used in osmotic stress experiments, such co-solutes
are expected to underestimate the magnitude in change of
hydration (62). Whereas the inertness of the co-solutes
and reliability of the absolute numbers of  nw is therefore
still under debate (61,62), we (48,60) and others (47) have
used the relative trends to gain insight into the changes in
hydration in native and modiﬁed nucleic acids.
X-raycrystallography of RNA dodecamers withrF:G
andA:G mismatches
In order to gain a better understanding of the in vitro
siRNA activity and thermodynamic stability/hydration
data of RNAs containing rF residues and to compare the
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AL-1 dTdT  AGC  UUC  AUG  AGU  CGC  AUU  C 5′       (sense strand)
AL-2 5′ UCG  AAG  UAC  U C A  GCG  UAA  GdTdT  (guide  strand)
 
AL-9 5′ UCG  AAG  UA F  UCA GCG UAA  GdTdT   
AL-10 5′ UCG  AAG  UAC  F|CA GCG UAA GdTdT   
AL-11 5′ UCG  AAG  UAC  U F A GCG UAA GdTdT   
AL-12 5′ UCG  AAG  UAC  U U A GCG UAA GdTdT 
AL-19 5′ UCG  AAG  UAU U  C A GCG UAA GdTdT 
 
  1  2  3      4  5 6    7  8  9   10 11 12  13 14 15  16 17 18  19 20  21 
A 
AL-18  dTdT A A C CAC  UCC AAA CUA GGC G  5′      (sense strand)
AL-17 5′ UUG  GUG  AGG  UUU  GAU  CCG  CdTdT  (guide strand)
AL-13 5′ UUG  GUG  AGG  F|UU GAU CCG  CdTdT 
AL-14 5′ UUG  GUG  AGG  UFU GAU CCG  CdTdT 
AL-15 5′ UUG  GUG  AGG  UUF GAU CCG  CdTdT 
AL-16 5′ UUG  GUG  AGG  F F F GAU CCG CdTdT 
   1  2  3     4  5  6      7  8  9  10 11 12  13 14 15  16 17 18  19 20  21
B 
siRNA [nM]
Figure 2. Concentration-dependent in vitro silencing activity of siRNA duplexes directed against ﬁreﬂy luciferase relative to Renilla luciferase.
(A) Incorporation of a single rF residue opposite A in the sense [data not shown, see ref. (41)] and guide strands (1:10) is tolerated albeit with
a decrease in activity for the latter (reference duplex 1:2). On the other hand, incorporation of rF or U opposite G is not or signiﬁcantly less tolerated
(1:9, 1:11 and 1:12, 1:19, respectively). (B) Contrary to the presence of a single rF residue in the guide strand opposite A (13:18, 14:18, 15:18;
reference duplex 17:18), multiple rF:A pairs in an siRNA duplex prevent silencing (16:18). In the AL-10, AL-11, AL-13 and AL-14 oligonucleotides,
the rF substitution is adjacent to the cleavage site (marked by a vertical line).
Nucleic Acids Research, 2007, Vol. 35, No. 19 6429geometry of the rF:G pair with that of the previously
visualized rF:A pair (41), we determined the crystal
structure at 1.10A ˚ resolution of the RNA dodecamer
duplex [r(CGCFAAUUGGCG)]2 with rF:G pairs
(FG duplex, Table 1). The structure of the RNA
dodecamer duplex [r(CGCGAAUUAGCG)]2 with A:G
mismatch pairs (GA duplex, Table 1) at 1.12A ˚ was
determined to potentially provide a structural rationale
for the inactivity of siRNA duplexes with an incorporated
mismatch pair at the cleavage site in in vitro assays.
A summary of crystal data and reﬁnement parameters for
both structures is provided in Table 2. Sum (2Fo–Fc)
electron density maps based on the ﬁnal models of the FG
and GA duplexes around selected regions are depicted in
Figure 3.
The geometries of the FG and GA duplexes (all riboses
adopt a C30-endo pucker) deviate from a more or less
canonical A-form only in the vicinity of the rF:G and A:G
pairs (Figure 4). rF:G pairs exhibit the shear typical for
the U:G wobble pair whereby the guanine and diﬂuor-
otoluene moieties are pushed into the minor and major
grooves, respectively (Figures 1C and 3C). In the GA
duplex, A and G are both in the standard ‘anti’
conformation and pair in a pseudo Watson–Crick fashion
(Figures 1E and 3D). As a result, the minor groove of the
GA duplex is widened by  1A ˚ with a concomitant
narrowing of the major groove. The FG structure features
two independent duplexes per crystallographic asymmetric
unit, leading to four observations of the rF:G pair.
Both duplexes have very similar geometries as revealed by
a superimposition (Figure 4B). The structure of the GA
duplex was previously reported at a lower resolution by
others (1.9A ˚ ) (54). However, in that structure with space
group P21 the asymmetric unit consisted of a single duplex
in a general position (the presence of a strong non-
crystallographic 2-fold symmetry was noted by the
authors at the time). Conversely, the space group of the
GA RNA crystals analyzed here is C2, but the unit cell
constants are virtually identical to those reported earlier.
The conversion from pseudo-2-fold to crystallographic
2-fold symmetry is most likely a consequence of diﬀerent
crystallization conditions (see Materials and Methods
section). In the C2 structure, the duplex is located on a
crystallographic dyad and the asymmetric unit consists of
a single dodecamer strand (Table 2). Summaries of the
helical parameters calculated with the program CURVES
(63) for the two FG duplexes and the GA duplex are
provided in the Supplementary Data. Residues in the GA
duplex are numbered C101 to G112 and residues in the
four independent strands of the FG duplexes are
numbered C101 to G112 (strand 1), C201 to G212
(strand 2), C301 to G312 (strand 3) and C401 to G412
(strand 4) (Figures 3 and 5).
The four rF:G pairs exhibit similar geometries
(Figure 5); the (rF)C3-H ... O6(G) hydrogen bond
distance varies between 3.18 and 3.31A ˚ . In three of the
pairs the (rF)F2 ...N1(G) distance is below 3.1A ˚ and in
the rF304:G409 pair this distance is somewhat longer
(3.45A ˚ , Figure 5D). Therefore, the ﬂuorine–amine inter-
action here is considerably shorter than the sum of the van
der Waals radii. If we assume the radii of ﬂuorine and
hydrogen to be 1.35A ˚ and 1.2A ˚ , respectively (64), and a
N-H distance of 1A ˚ , the F ...N distances in three of the
four rF:G pairs are ca 0.5A ˚ below the sum (3.55A ˚ ). The
wisdom of assigning a larger radius to ﬂuorine than to
hydrogen has been questioned recently (65). Still, even we
assume the same radius for ﬂuorine and hydrogen (i.e.
1.2A ˚ ), the observed distances between F2 and N1 in the
rF:G pairs are indicative of an attractive interaction. The
shortest distance (3.03A ˚ ) between F2(rF) and N1(G) seen
here is actually more than 0.8A ˚ shorter than the average
distance between F4(rF) and N6(A) in rF:A pairs (41)!
This diﬀerence is noteworthy because the distances of the
(rF)C3-H ... O6(G)/N1(A) hydrogen bonds in the rF:G
and rF:A pairs are very similar. The close resemblance of
the rF:G and U:G pairs (Figure 5) can itself be taken as
evidence for an attractive interaction between ﬂuorine and
N1-H(G). If the (rF)C3-H ... O6(G) hydrogen bond
provided the only or the main contribution to the stability
of the rF:G pair, the shear seen between F and G would
seem quite unnecessary. Likewise, shearing does not
beneﬁt stacking interactions; if the geometry of rF:G
and rF:A pairs were chieﬂy determined by stacking it
would be diﬃcult to explain their diﬀerent geometries.
The similarity between rF:G and U:G is not limited to
pairing geometry but extends to nearest neighbor interac-
tions and hydration. Thus, superimposition of (CpU):
(GpG) and (CprF):(GpG) base-pair steps reveals virtually
identical conformations (Figure 6). The four rF:G pairs in
the FG structure display a conserved hydration pattern
Table 2. Crystal data, data collection parameters and structure
reﬁnement statistics
Structure 50-CGCFAAUUGG
CG-30 (FG)
50-CGCGAAUUAG
CG-30 (GA)
Crystal data
Space group P1 C2
Number of
strands per asym.
unit
41
Cell dimensions
a, b, c (A ˚ ) 22.90, 32.06, 42.93 41.34, 34.89, 32.12
 ,  , g (8) 96.2, 83.9, 93.9 90.0, 129.3, 90.0
Data collection
Number of
reﬂections
45752 13514
Resolution
(last shell)
1.10 (1.14–1.10) 1.12 (1.16–1.12)
Completeness
(%, last shell)
93.9 (90.7) 96.4 (89.3)
Rmerge (last shell) 0.059 (0.239) 0.035 (0.277)
Reﬁnement
Rwork/Rfree 0.112/0.142 0.147/0.187
Number of atoms
RNA 1016 255
Water 324 76
Ions – 2 Mg
2+
B-factors
Nucleic acid (A ˚ 2) 9.9 13.4
Water (A ˚ 2) 29.0 29.7
r.m.s.d.
Bond lengths (A ˚ ) 0.014 0.014
Bond angles
(1   3; A ˚ )
0.029 0.031
6430 Nucleic Acids Research, 2007, Vol. 35, No. 19Figure 3. Quality of the ﬁnal Fourier (2Fo–Fc) sum electron density around the RNA duplexes in the region of the chemically modiﬁed
or mismatched base pairs. (A) Portion of the FG duplex viewed into the minor groove; (B) portion of the GA duplex viewed into the minor groove;
(C) rF104:G209 in the FG duplex and (D) G104:A209 in the GA duplex. Atoms are colored yellow, red, cyan and orange for carbon, oxygen,
nitrogen and phosphorus, respectively. Carbon atoms of the diﬂuorotoluyl moiety are highlighted in magenta and ﬂuorine atoms are shown as green
spheres.
Figure 4. Overall conformation of RNA dodecamer duplexes with rF:G pairs. (A) One of the two RNA duplexes (duplex 1) per crystallographic
asymmetric unit viewed into the major groove. Carbon atoms of the F moiety are highlighted in magenta and ﬂuorine atoms are shown as green
spheres. (B) Superimposition of the two duplexes; duplex 1 is red and duplex 2 is blue. (C) Overall conformation of the RNA dodecamer duplex with
A:G pairs; the view is into the major groove that contains four Mg
2+ hexahydrate complexes.
Nucleic Acids Research, 2007, Vol. 35, No. 19 6431(Figure 5B–E) that is similar to the water structure around
the U:G pair (Figure 5A) (66–69). In both cases the water
structure extends to the periphery of the grooves (data not
shown), with ribose 20-hydroxyl groups serving as bridge-
heads in the minor groove (70). The extensive hydration of
the diﬂuorotoluyl moiety observed in the FG structure
further distinguishes the rF:G from the rF:A pair and is in
good agreement with the osmotic stress data discussed
above. No water molecules were observed at hydrogen-
bonding distance from diﬂuorotoluyls in rF:A pairs,
although we need to keep in mind that the resolutions of
the FG and FA (41) structures are diﬀerent (1.1 versus
1.6A ˚ ). Conversely, water molecules are located as close as
2.93A ˚ from ﬂuorine in the FG structure (Figure 5B). If we
assume that hydrogen atoms from water molecules are
pointing more or less in the direction of ﬂuorine (the
resolution of the structure is not suﬃcient to allow
visualization of H atoms), the observed OW-ﬂuorine
distances are inconsistent with mere van der Waals
interactions.
A
C
E
B
D
F
Figure 5. Geometry and hydration of rF:G, U:G and G:A base pairs. (A) U:G pair in structure NDB AR0009 (66); (B) rF104:G209;
(C) rF204:G109; (D) rF304:G409; (E) rF404:G309; (F) G104:A209
# (# designates a symmetry-related residue). Hydrogen bonds in the U:G and G:A
base pairs and the corresponding interactions in the rF:G pairs are shown as dashed lines with distances in A ˚ . Water molecules and Mg
2+ ions are
pink and blue spheres, respectively.
Figure 6. Stereo illustration of the superimposition of CpU-GpG [blue, NDB AR0009 (66)] and CprF-GpG (red) dinucleotide steps. The rF residue
is located on the lower left.
6432 Nucleic Acids Research, 2007, Vol. 35, No. 19The GA structure also revealed extensive hydration of
A:G pairs in the major and minor grooves (Figure 5F)
which again is in good agreement with high  nw obtained
using osmotic stress. Our structure at higher resolution
revealed the coordination of four Mg
2+-hexahydrate ions
inside the narrow and deep major groove. No metal
cations were observed in the previously reported crystal
structure of the GA dodecamer (54). Interestingly, Mg
2+
ions engage in water-mediated contacts to the major
groove edges of both G and A (Figure 5F).
Semi-empirical calculations ofF:G andF:A pairs andtheir
native counterparts
All calculations were carried out with the program
GAUSSIAN (57) and a counterpoise correction (58)
was applied in each case. We ran equilibrium geometry
optimizations as well as point-energy calculations
based on the crystallographically observed geometries.
Energies were computed both at the MP2/6-31G
  and
MP2/6-31+G
   levels of theory. These are compared in
Table 3 for F:G and F:A pairs along with their native
counterparts T:G and T:A. Note that we used T as the
reference nucleobase due to the presence of a methyl
group in 2,4-diﬂuorotoluene. Equilibrium geometries for
the various pairs obtained at both levels of theory are
depicted in Figure 7. The relative ranking of energies is
T:G > T:A   F:G > F:A with energy diﬀerences between
the T:G and T:A and the F:G and F:A pairs of around
3kcal mol
–1. The T:G pair is  8kcal mol
–1 more stable
than the F:G pair (MP2/6-31+G
   level). Interestingly,
the order of stabilities for isolated pairs obtained from
semi-empirical calculations is similar to the one estab-
lished experimentally based on UV melting data for
RNA duplexes containing these pairs (U instead of T;
in UV melting UA is slightly more stable than UG).
The geometry calculated for the F:G pair (Figure 7A)
shows close resemblance to the geometries of rF:G pairs
in the crystal structure of the FG duplex (Figure 5B–E).
On the other hand, the calculated and experimentally
observed geometries of the F:A pair diﬀer drastically; the
F4     N6 distance in the calculated pair is ca. 0.7A ˚
shorter than the corresponding distance in the crystal
structure (41). Despite this divergence between the
computed and experimental pairing geometries for F:G
and F:A, the diﬀerences between the average point energy
based on crystallographic data and the equilibrium
geometry energy for the F:G (–5.1 versus –7kcal mol
–1,
respectively) and F:A pairs (–2.9 versus –4.1kcal mol
–1,
respectively) are quite similar.
DISCUSSION
Insights into Ago2 substrate recognition
In vitro siRNA experiments in HeLa cells using a dual
luciferase assay demonstrated that unlike a single rF:A
pair, an rF:G pair at or adjacent to the cleavage site is not
tolerated by the Ago2 slicer enzyme. Similarly, a single
U:G mismatch drastically reduces activity and the
only mismatch pair exhibiting activity (somewhat reduced
relative to a canonical siRNA duplex) is the A:C pair (41).
This is consistent with a requirement for a Watson–Crick
geometry of base pairs ﬂanking the cleavage site. It is
unlikely that the observed diﬀerences in activity between
siRNAs containing mismatches or the rF residue at
various locations are related to other factors, i.e.
eﬃciencies in siRNA strand dissociation and biases in
strand loading. Importantly, there is no correlation
between the thermodynamic stability and silencing acti-
vity of the investigated siRNAs (Figure 2A, Table 1).
Moreover, detailed positional analyses demonstrated that
a siRNA with the rF residue in the guide strand, adjacent
to the Ago2 cleavage site led to reduced silencing activity
relative to positions further removed from the cleavage
site or at the 50-terminus (41,71). rF in the sense strand
of the siRNA had no eﬀect on the activity (71). However,
an earlier RACE (rapid ampliﬁcation of cDNA ends)
analysis of the siRNA-induced cleavage of luciferase
mRNA provides the strongest support that the observed
silencing activities are directly related to Ago2-induced
cleavage (41). Thus, cleavage at the normal site was
found with siRNA AL-10 (rF:A, Figure 2A), whereas no
cleavage was observed with siRNA AL-9 (rF:G,
Figure 2A).
Although rF and A are more loosely paired relative to
U:A, geometric constraints of the enzyme active site
may produce a geometry that is not too diﬀerent from that
of a standard Watson–Crick base pair. Observations in
connection with in vitro DNA polymerization experiments
involving F-containing templates or incoming dFTP are
instructive in this context (72–75). Accurate incorpo-
ration of dATP opposite template F or dFTP opposite
template A is obviously not due to complementary
hydrogen bond formation between the two partners (76).
Rather, the active sites of high-ﬁdelity DNA polymerases
act as a mold that provides tight geometric constraints
for a replicating base pair, virtually forcing it to adopt to
a Watson–Crick-like arrangement (77). By contrast, the
Table 3. Energies ( E in kcalmol
 1) obtained from semi-empirical
calculations (CC=Counterpoise Correction)
Basis set level/
Base pair
MP2 MP2
6-31G
  6-31+G
   MP2 MP2
6-31G
  6-31+G
  
(CC) (CC)
Point energy calculation based on crystallographic data
F104:G209 8.3 6.9 4.4 4.8
F204:G109 9.2 7.7 5.1 5.6
F304:G409 7.2 6.4 4.2 4.7
F404:G309 8.4 7.1 4.7 5.1
F4:A21 5.4 4.9 2.6 2.8
F16: A9 5.6 4.9 2.6 2.9
average F:G 8.3 7 4.6 5.1
average F:A 5.5 4.9 2.6 2.9
Energy calculation from base–pair geometry optimization
T:A 18.2 16.5 12.3 12.7
F:A 7.6 7.2 4 4.3
T:G 19.6 19.3 14.1 15.5
F:G 11.5 8.4 6.4 7
Nucleic Acids Research, 2007, Vol. 35, No. 19 6433A:G, U:G and rF:G mismatches cannot be accommodated
in this fashion. A superimposition of these mismatch pairs
demonstrates that they result in larger deviations from
a canonical backbone geometry than the rF:A and A:C
pairs (Figure 8). In fact the observed siRNA activities are
inversely correlated with the backbone distortions present
in the RNA duplexes as a result of mismatch pairs.
Although the A
+:C pair with its two hydrogen bonds
is expected to be isosteric with the U:G wobble pair (78),
the particular example of the former used in the super-
imposition exhibits a smaller backbone distortion than
both U:G and rF:G. Moreover, all measurements of
siRNA activity were carried out at pH 7 and it is unlikely
that either A or C is protonated under these conditions. A
neutral A:C pair with a single hydrogen bond between
N6(A) and N1(C) or N1(A) and N4(C) may in fact display
a geometry that is even more similar to that of a standard
Watson–Crick base pair.
Contrary to the correlation between local distortions in
the backbone geometry and in vitro siRNA activities, there
is no obvious relationship between activity and thermo-
dynamic stability. Thus, both the rF:A pair and the A:C
pair (41) are more destabilizing than the U:G or rF:G
pairs (Table 1). But the latter two lead to a loss of siRNA
activity whereas the former result in a somewhat
diminished activity compared to a canonical (and
T:G (cc MP2-6-31G*)
F:G (cc MP2-6-31G*)
F:G (cc MP2-6-31+G**)
T:G (cc MP2-6-31+G**)
A 
B 
F:A (cc MP2-6-31G*)
F:A (cc MP2-6-31+G**)
T:A (cc MP2-6-31G*)
T:A (cc MP2-6-31+G**)
C 
D 
Figure 7. Equilibrium geometries of the (A) F:G, (B) T:G, (C) F:A and (D) T:A pairs based on semi-empirical calculations [cc MP2/6-31G
  and cc
MP2/6-31+G
   levels; cc=counterpoise correction (58)]. Distances are in A ˚ ngstrom.
6434 Nucleic Acids Research, 2007, Vol. 35, No. 19thermodynamically more stable) U:A pair at the Ago2
cleavage site (Figure 2). The stability data for the
dodecamer duplexes with mismatches provided here and
those based on longer siRNA duplexes published pre-
viously (41) are consistent with the thermodynamics at pH
7 of RNA hairpins containing single internal mismatches:
G:C   A:U   U:G > G:A > A:C (79). Unlike siRNAs
with single rF residues in place of U in the guide strand
that retain activity [ref. (41) and this article], and appear to
enhance sequence selectivity beyond that of the natural
base in some cases (71), an siRNA with three consecutive
rF:A pairs spanning the cleavage site did not display any
activity (Figure 2B). This observation could indicate that
multiple rF:A pairs result in more severe helical distor-
tions (80) that are not tolerated by the Ago2 enzyme.
Alternatively, the loss of activity may be related to
a signiﬁcant weakening of the hybridization between
guide strand and mRNA target, or a combination of
changes in stability and conformation.
rF:G and rF:A pairs displayconsiderable differences
The main surprise regarding the geometry of the rF:G pair
is how closely it resembles the native U:G pair, including
the shear that is a hallmark of the wobble pair. Based
on the signiﬁcantly larger separation between rF and
A relative to U and A (>0.8A ˚ on average based on the
various atom pairs), one would perhaps have expected
a looser association of rF and G as well, weakly stabilized
by a C-H     N hydrogen bond. Instead, the average
distance between atom pairs in the four independent rF:G
pairs (Figure 5B–E) present in the crystal structure of the
FG duplex is just 0.3A ˚ longer than a typical hydrogen
bonding distance of ca 2.9A ˚ in the U:G pair (Figure 5A).
Not only is the pairing tighter than expected, but the rF:G
pairs display a conserved hydration pattern that matches
the arrangement of water molecules around the native
U:G wobble pair. By comparison, the hydration of the
rF:A pair was much more limited (41). It is unlikely that
this observation is simply due to the lower resolution of
the earlier structure compared to that of the FG duplex
(1.6A ˚ ). Osmotic stress measurements are consistent with
the structural data and support the notion that the
rF:G pair is surrounded by more solvent molecules.
Furthermore, the thermodynamic stability (TM)o fa n
RNA dodecamer duplex containing two rF:G pairs is
higher than that of the corresponding duplex with rF:A
pairs (Table 1). This is noteworthy because U:G pairs are
typically less stable than U:A pairs (79). By analogy, one
would have predicted that rF:G pairs are less stable than
rF:A pairs. Indeed, our ﬁndings with modiﬁed RNA
duplexes diﬀer from published stability data for DNA
dodecamer duplexes with single F:G or F:A pairs (81).
Accordingly, the relative order of stability in DNA is T:A
(TM =5 0 8C) > T:G (438C) > F:A (368C) > F:G (358C).
Although there are no crystal structures of DNA duplexes
with incorporated F:A or F:G pairs it is unlikely that the
diﬀerences between DNA and RNA arise from diﬀerential
stacking interactions involving the diﬂuorotoluene moiety.
Incorporation of F in place of T into DNA leads to
improved stacking (82). By comparison, the particular
pairing mode between F/T and G pushes the former into
the major groove, thus presumably reducing the overlap
with the surrounding nucleobases. Overall, X-ray crystal-
lography, osmotic stress measurements and UV melting
data all clearly indicate that F pairs more favorably with
G than with A in the case of RNA.
Organicfluorine as ahydrogen-bond acceptor
The question whether ﬂuorine can act as an acceptor of
hydrogen bonds has recently been discussed in detail and
with authority (65,83). In general, ﬂuorine is a poor
acceptor despite being very electronegative, and a screen
of small molecule crystal structures only recovered a few
examples with short X-H d!F-Y contacts (2.1 < d <
2.3A ˚ ). Many of these structures do not contain a
substantial amount of solvent, but their precision
obviously exceeds that of a macromolecular crystal
structure such as that of the FG duplex even at 1.1A ˚ .
Hydrogen atoms can typically not be located in crystal
structures of macromolecules at resolutions of around 1A ˚ .
On the other hand bond lengths and angles in such
structures are suﬃciently precise (r.m.s.d. bond lengths
<0.02A ˚ , Table 2) to allow reliable statements as to the
presence or absence of a hydrogen bond. In drawing this
conclusion we need to be aware that a short contact
involving potential acceptor and donor functions is not
necessary making a crucial contribution to stability.
The crystal structure of the FG duplex reveals distances
between ﬂuorine and N-H in three of the four rF:G pairs
that are consistent with formation of a hydrogen bond:
The F    N distances range between 3.03 and 3.08A ˚ and,
therefore, the F     H distances can be expected to be
around 2.1A ˚ (Figure 5B, C and E). Interestingly, the
calculated energies (Table 3; MP2 6-31+G
  ) based on
the crystallographically observed geometries of F:G pairs
correlate nicely with the F    N distances. Thus, the point
energy of the F304:G409 pair with an F    N distance of
in vitro siRNA activity: A:U > A:C ≈ A:rF >> G:rF ≈ G:U ≈ A:G 
local backbone distortion: A:U < A:C ≈ A:rF << G:rF < G:U ≈ A:G 
Figure 8. Comparison between the geometry of various base pairs.
The diagram was generated by superimposing the purine bases (A or G,
left) of diﬀerent pairs. Distances between phosphates of residues on the
right relative to the phosphate group of U are as follows: A:U (black,
base pair A106:U207, FG structure—this article; reference structure),
A:rF [green, base pair A21:rF4, 0.79A ˚ , (41)], G:U [cyan, AR0009, base
pair G10:U5, 3.32A ˚ , (66)], G:rF (purple, base pair G209:rF104,
2.07A ˚ ), A:G (gray, base pair A209:G104, GA structure—this article,
2.97A ˚ ), and A
+:C [red, AR0039, base pair A2:C17, 0.79A ˚ , (78)].
Nucleic Acids Research, 2007, Vol. 35, No. 19 64353.45A ˚ is –4.7kcal/mol compared to –5.6kcal/mol for the
F204:G109 pair with a F    N distance of 3.03A ˚ . When
this ﬂuorine (F2) is replaced with a hydrogen, point energy
calculations at the MP2 6-31+G
   (CC) level using the
geometries of the four experimentally determined F:G
pairs (Figure 5, Table 3) for the 4-ﬂuorotoluene:G pair
indicate destabilizations ranging between 3.5 and 4.5kcal
mol
–1. The notion that a short distance involving ﬂuorine
is associated with a stabilizing contribution certainly does
not contradict the conclusion that ﬂuorine is engaging in
a hydrogen bond in F:G pairs. Further the calculations
allow the conclusion that the pairing between F and G
accounts for about half the stability resulting from pairing
between T and G. It is unlikely, given the above
observations, that pairing of F and G only involves the
formation of a C-H    N hydrogen bond. And in line with
the experimental data, the semi-empirical calculations
demonstrate that the F:G pair is more stable than the F:A
pair.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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